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This  report  is  the  result  of  ray  attempt  to  expand  the  knowledge 
available  In  the  area  of  Ballistic  Impact  Flash.  My  principle  concern 
has  been  determining  how  the  flash  scales  with  changing  projectile 
velocity. 
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Abstract 
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I The  downrange  flash  resulting  from  the  perforation  of  thin  aluml-  j 

rum  plates  by  high  velocity  steel  spheres  was  investigated  to  determine  j 

f how  the  flash  scales  with  changes  in  projectile  velocity.  It  was  found 

that  two  distinct  flash  intensity  maximum*  occur;  one  approximately  10 
| microseconds  after  penetration,  the  second  some  30  to  80  microseconds 

[ ,ater.  For  a given  size  sphere,  both  the  spectral  Irradiance  of  these 

[ two  flashes  and  the  energy  of  the  flash  scale  as  approximately  the 

f | fourth  power  of  the  velocity.  Coating  the  impact  side  of  the  target 

r with  epoxy  based  aircraft  paint  or  a 0.002  inch  layer  of  aircraft  fuel 

j | CeU  sealant  reduced  the  flash  by  factors  or  5 to  300,  depending  on  the 

J : wavelength  examined.  The  first  flash  spectral  irradiance  was  compared 

to  a blackbody  temperature  curve.  The  flash  was  found  to  radiate  as  a 
! blackbody  source,  with  temperatures  increasing  from  3000°K  at  3000  fps 

^ projectile  velocity  to  32O0°K  *000  fps  and  5000  fps. 
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i . Introduction 


Throughout  modern  history,  a primary  aspect  of  warfare  has  been 
the  penetration  of  metal  sheets  or  plates  by  high  velocity  projectiles- 
Research  in  this  aree  has  traditionally  stopped  when  hostilities  cease. 

As  a result,  on.  .erious  engineering  problem  in  the  area  of  weapon  system 
design  has  been  the  lack  cf  knowledge  concerning  penetration  mechanics. 

A new  area  of  investigation  evolved  in  the  past  decade  with  the  advent  of 
space  travel.  A major  concern  was  the  threat  to  space  vehicles  from 
hyper-velocity  micrometecr ? tes . A flurry  of  private  and  government  re- 
search in  this  area  began  in  about  19^0,  but  gradually  came  to  a near 
stop  in  1969,  when  actual  space  flights  showed  the  threat  to  be  less  than 
had  been  feared.  While  a sizeable  amount  of  data  was  obtained  during 
this  period,  it  was  primarily  concerned  wi th  projectile  velocities  of 
15,000  foot  per  second  or  higher,  and  projectile  sizes  of  one  millimeter 
diameter  or  less.  A serious  lack  of  Information  still  exists  for  shrapnel 
sized  projectiles  with  velocities  of  3000  fps  to  10,000  fps;  the  threat 
that  modern  day  air  weapon  systems  face. 

To  date,  there  have  been  many  theories  put  forward  to  empirically 
characterize  the  penetration  and  deformation  of  plates  by  high  velocity 
projectiles.  Although  many  shots  have  been  fired  under  carefully  con- 
trolled conditions  in  the  evolution  of  these  theories,  no  completely 
satisfactory  model  of  the  penetration  has  been  developed.  One  of  the 
least  understood  areas  is  the  flash  of  light  resulting  from  high  velocity 
impact.  This  flash  is  known  to  be  a hiyh  temperature  phenomena  and  a 
major  area  of  concern  is  the  possibility  of  a fuel  tank,  hydraulic 
reservoir,  or  other  explosive  componer > of  an  a*rcraft  being  hit  by  a 
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very  high  velocity  fragment.  Until  recently,  with  the  exception  of 
space  vehicles,  only  fragments  in  the  range  of  £000  fps  or  less  were 
encountered.  Now,  however,  with  aircraft  reaching  velocities  in  the 
range  of  3000  fps,  and  large  surface-to-air  missiles  projecting  fragments 
at  3000  fps  to  12,000  fps,  impact  velocities  of  10,000  fps  to  15,000  fps 
might  be  encountered.  Temperatures  of  *i000OK  ano  a flash  1 inches  long 
have  been  reported  (Ref  1)  from  a .50  caliber  projectile  impacting  a thin 
aluminum  sheet  at  ‘tOOO  fps. 

The  object  of  this  study  is  to  provide  further  insight  into  the 
mechanism  of  impact  flash,  specifically  to  investigate  how  the  flash 
scales  as  projectile  size  and  velocity  change,  and  to  evaluate  the  effect 
on  the  flash  causei  Y,  coating  the  target  with  various  materials. 

Background 

As  a starting  point,  I will  give  a summary  of  the  more  significant 
results  published  relating  to  this  topic. 

In  1952,  R.  L.  Kahler  (Ref  12)  observed  that  an  inert  atmosphere 
reduced  the  flash,  while  a pure  oxygen  atmosphere  greatly  enhanced  the 
flash.  He  also  noted  that  if  the  upstream  side  of  the  ta.-get  was  coated 
with  a very  thin  layer  of  rubber,  the  flash  was  significantly  reduced. 

With  his  instrumentation,  however,  he  was  unable  to  quantitatively 
measure  this  reduction.  In  1955,  W,  T.  Thompson  (Ref  22),  in  a report  on 
armor  penetration,  proposed  that  the  target-project! It  interface  was 
molten.  In  1957,  P.  E.  Tucker,  et.  al.  (Ref  23),  in  a study  of  high 
speed  pellets,  observed  that  a high  velocity  projectile  leaves  an  ionized, 
luminous  trail,  and  the  relative  ionization  and  luminous  intensity  in- 
crease rapidly  with  velocity.  They  also  noted  that  the  light  occurs  prior 
to  the  ionization.  In  i960,  the  shift  in  emphasis  to  space  applications 


began.  0.  D.  Keough  (Ref  13).  in  I960,  used  a pnoto-rru)  tipi  ier  system 
to  measure  the  intensity  of  the  radiant  energy  produced  by  micro- 
particles at  hyper-velocities  (l6,Q00  fps)  impacting  thin  r.tetal  sheets. 

His  target  was  in  a vacuum  chamber,  and  his  resu'ts  were  obtained  for 
various  chamber  pressures.  He  repotted  that  the  total  radiant  energy 
amplitude  was  not  a function  of  chamber  pressure.  He  suggested  that  the 
impact  flash  mechanism  could  be  modeled  as  a jet,  similar  to  the  jet 
produced  by  a shaped  charge.  A.  F.  Caron  (Ref  6),  in  1965  conducted  a 
series  of  experiments  in  which  aluminum  sheets  containing  oxygen  at  one 
atmosphere  pressure  were  impacted  by  particles  traveling  in  excess  of 
15,000  fps.  He  observed  that  a violent  detonation  occurred  *t0  micro- 
seconds after  impact.  He  suggested  that  a pyrophoric  oxidation  reaction 
of  the  projectile  and  target  material  with  gaseous  oxygen  was  the  cause 
of  the  ‘uminosity.  In  1966,  J.  F.  Fri ichtenicht  (Ref  10)  proposed  that 
first  light  is  a vapor  cloud  w; th  plasma-like  characteristics  including 

* 

self-luminosity  due  to  the  excitation  of  neutral  gas  atoms.  He  observed 
that  the  light  source  appeared  to  be  first,  blackbody  emission  from 
heated  material,  and  second,  radiation  from  excited  atoms  in  the  vapor 
cloud.  In  1967,  W.  H.  Friend,  et.  al.  (Ref  9)  observed  that  for  a 12.7 
mm  projectile  fired  at  15,000  fps,  the  intensity  maximum  occurred  I5C-20Q 
microseconds  after  first  light  was  observed,  and  that  after  the  maximum 
was  reached,  the  intensity  decayed  exponentially  to  zero.  They  concluded 
that  the  exponential  decay  implied  that  chemical  reactions  were  net  taking 
place  to  an  appreciable  extent,  since  apparently  insufficient  heal  was 
being  given  off  to  maintain  the  high  intensity.  Also,  the  hot  luminous 
products  should  take  a finite  time  to  cool  down,  and  t use  processes 
would  be  expected  to  occur  in  an  exponential  fashion.  Also  in  1967, 
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J.  ' Kotlensette  and  E.  Wittroc*  (Ref  14)  observed  tnat  while  the 
Intensity  of  che  flash  is  dependent  on  impact  velocity,  the  light  is 
spectrally  characteristic  of  the  target-projectile  materials,  and  this 
Spectral  characteristic  is  independent  of  impact  velocity.  They  also 
suggested  that  first  light  is  generated  by  transfer  of  projectile  energy 
to  the  target  surface  before  coupling  of  energy  to  the  crystalline  struc- 
ture of  the  target  begins.  In  1968,  6.  Jean,  et.  at.  ( f ll),  following 
Keough's  lead,  mathemat i cal  1 y modeled  the  impact  flash  as  a jet  similai 
to  the  jet  produced  by  a shaped  charge  detonation.  Their  experimental 
and  theoretical  values  were  in  fairly  good  agreement.  In  their  experi- 
mental work,  they  compared  the  flash  obtained  by  impacting  projectiles  of 
various  shapes,  and  observed  that  spheres  and  other  solid  projectiles  of 
equal  mass  and  like  material  produce  approximately  equal  radiant  energy. 
In  1969,  J.  B.  Abernathy  (Ref  1 : 3 2 ) impacted  cylindrical  projectiles  on 
thin  aluminum  sheets  at  velocities  in  the  range  of  5009  f ps . He  observed 
that  the  dimensions  of  the  flash  were  approximately  1^  inches  long  and  5 
Inches  In  diameter  at  the  center  (See  Figure  12).  The  temperaiere  of  the 
flash  was  found  to  be  between  3**00°K  and  1*100°K,  and  the  flash  lasted 
approximately  3 to  5 mil  1 i secor.ds . 
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i I . Phvs i col  Mode ! 


The  overall  physical  model  of  the  flesh  can  be  divided  into  Four 
phases.  Upon  impact,  as  energy  is  transferred  ,o  the  target,  first  light 
occurs  in  what  ! wM]  call  the  plasma  phase.  Material  is  then  removed 
from  the  target  in  the  rupture  phase.  Next,  because  of  their  high  veloc- 
ities, the  ejected  particles  are  heated  and  their  surface  begins  to  melt 
and  flow  durinn  the  ablation  phase.  Finally,  the  exposed  surface  area 
and  oxygen  from  the  atmosphere  combine  chemically  giving  the  burning 
phase . 

Plasma  Phase 

Abernathy  (Ref  1:29),  observing  target  rear  surface  flash,  noted 
that  there  are  two  flash  intensity  maxima.  One  occurs  simultaneously  with 
the  projectile  emerging  from  the  rear  of  the  target,  and  the  second  some 
40-75  microseconds  later.  This  was  also  verified  during  the  course  of 
this  investigation.  From  Reference  2,  it  Is  seen  that  for  high  velocity 
(1*000-8000  fps)  steel  on  aluminum  impact,  pressures  in  the  target  are  in 
the  .2  co  .1*  mcgabar  range,  and  from  Reference  T 6 , peak  shock  temperatures 
occur  that  are  in  excess  of  1000°K.  This  high  temperature,  high  pressure, 
nigh  energy  state  produces  the  first-light,  plasma-like  cloud  proposed  in 
Reference  10:1.  This  might  also  explain  why  several  researchers  have 
noted  that  first  light  or  peak  amplitude  seems  to  be  ii  dependent  of  pres- 
sure or  atmosphere. 


Rupture  Phase 

There  are  many  references  (Ref  15,  Ref  19)  presenting  careful 
documentation  for  increased  temperatures  in  the  particles  being  ejected 
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by  ballistic  intact.  It  is  clear  that  these  ejecLa  have  a high  internal 
energy,  and  thui  a high  temperature,  after  being  torn  from  the  target 

plate. 


L 
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Ablation  Phase 

As  the  high  velocity  particles  are  decelerated  by  drag,  the  air 
friction  creates  enough  heating  to  cause  the  surface  to  melt  and  be  swept 
off  in  the  form  of  tiny  droplets  as  discussed  by  Kottenstette  in  Refer- 
ence )1».  This  continually  exposes  new  surface  area  end  also  provides 
smaller  particles  or  droplets  for  the  burning  phase.  This  phase  and  the 
burning  phase  would  be  greatly  affected  by  the  atmosphere  around  the 
target,  as  was  reported  by  Kahler  (Ref  12). 


burning  Phase 

As  the  droplets  produced  during  the  ablation  phase  continue  to 
decelerate  due  to  striking  air  molecules,  they  gain  sufficient  thermal 
energy  to  reach  the  necessary  temperature  to  combine  with  oxygen  to 
produce  light  (Ref  **125) . The  time  required  to  gain  this  additional 
energy  is  thought  to  account  for  the  time  lapse  between  first  light  and 
the  second  Intensity  maximum.  Boice  In  Reference  k presents  a compre- 
hensive discussion  of  the  rupture,  ablation,  and  burning  phases. 

An  additional  factor  adding  thermal  energy  to  the  ejecta  is  the 
shock  heating  of  the  air  that  the  ejecta  travels  through.  An  approximate 
temperature  behind  the  shock  wave  can  be  calculated  using  the  Rankine- 
Hugoniot  jump  conditions  across  a plane  steady  shock  (Ref  23:22).  Let 
P “ pressure,  p - density,  E = energy,  U *■  particle  velocity,  D *=  shock 
velocity,  and  the  subscripts  o and  F indicate  before  and  after  shock 
respectively.  Then,  the  equation  of  conservation  of  mass, 
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the  equation  of  conservation  of  momentum, 


PF  - 0oD  UF,  ( 
and  an  energy  balance  (neglecting  heat  flow  across  the  shock  and  heat 
release  or  losses) 


EP  • E0 


PpUp 

— -L  . \/2  U 2 
p D UF  • 


combined  with  an  assumption  of  a perfect  gas, 

P **  pRT 


and 

E - CVT, 

give  sufficient  relationships  to  solve  for  the  post  shock  values. 
Using  (1),  (2),  (M , and  (5)  with  (3)  gives 


«v...  o 


Further  reducing  unknowns  gives 


(»-UF)(- 


- u_ 
— v..£ 
R 


'ii  + 

Z 2PCD 


) 


D Uf 
2 


CvTo 


' o 
ZPr 


since 

R - Cv(r-1 ) 

where  y Is  the  gas  constant. 

Equation  (7)  can  be  further  reduced  to 


(D-UF)  \ - 

F \y-l  2 2pQD/ 


D U 

T 


g0(y-i)  2(. 


which  is  an  easily  solvable  quadratic  equation. 
Typical  values  for  a shot  are 


I atmosphere  =2117 


it 


.002378 


lb  sec2 

~7tsr~ 


Y 

U„ 


1 .1*  ■for  n perfect  gas 


IMPACT 


1*360  f ps . 


Reference  1*  shows  that  for  a steel  on  aluminum  impact  of  1*360  fps, 
the  aluminum  particle  velocity  In  the  plate  would  be  3011  fps.  When  a 
plane  shock  wave  arrives  at  a free  surface,  which  is  assumed  parallel  to 
the  shock  front,  the  shock  pressure  is  reduced  to  zero  by  a rarefaction 
wave  from  the  free  surface.  The  free  surface  particle  velocity,  or 
velocity  of  the  particles  departing  the  back  of  the  target  In  this  case, 
is  the  sum  of  the  particle  velocity  due  to  the  shock  wave  and  the  parti- 
cle velocity  due  to  the  rarefaction  wave  (Ref  20:29).  These  two 
velocities  are  very  nearly  equal.  In  this  case  then,  the  particle 
velocity  coming  off  the  back  of  the  plate  would  be  twice  the  value  of  the 
particle  velocity  In  the  plate,  or  6022  fps.  Since  this  would  be  the 
same  as  the  air  particle  velocity  immediately  behind  the  plate,  Up  «* 

6022  fps. 

Using  these  values  in  (9)  gives  D K 7390  fps. 

Using  this  In  (2)  gives  Pp  *■-  1*9,98  atmospheres,  and  from  (6)  p = 
.01285,  and  finally  T^  = 272 A K,  where  T is  the  temperature  immediately 
behind  the  shock  wave.  Deal,  in  Reference  I,  shows  that  for  this  pres- 
sure and  compression  ratio,  the  use  of  the  perfect  gas  assumption  gives 
a good  approximation  to  experimental  results.  The  residual  temperature , 

T , after'  the  pressure  returns  to  one  atmosphere  can  now  be  calculated 
K 


0 


Using  the  above  values  for  Tf,  Pp,  and  > gives 

o 

T = 896  K 

R 

The  volume  of  air  actually  being  shock  heated  to  this  temperature 
will  be  relatively  small,  located  immediately  downstream  of  the  impact. 
It  will,  however,  occupy  the  space  that  most  of  the  ejecta  will  travel 
through.  These  higher  temperatures  will  increase  the  thermal  energy  of 
the  ejecta  and  will  affect  the  time  required  to  ablate  and  burn. 


III.  Experimental  Method 


i 

t 


I 

l 
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Two  sizes  of  steel  spheres  were  fired  from  a 50  caliber  smooth  bore 
gun  through  a velocity  measuring  device  end  through  a 0.0525  inch  thick 
sheet  of  202*)  T-3  aluminum.  A few  targets  were  coated  with  epoxy  based 
aircraft  paint  and  a few  were  coated  with  a 0.002  inch  layer  of  aircraft 
fuel  cell  sealant.  Front  face  flash  and  gun  muzzle  flash  were  screened 
off  and  the  rear  face  flash  was  examined  by  a specially  designed  spectro- 
meter and  a still  camera. 

Proje.  ■ les 

Steel  spheres  were  chosen  as  projectiles  to  reduce  the  variables  as 
much  as  possible.  The  steel  should  have  a minimum  of  deformation  and 
chemical  reaction  with  the  softer  aluminum  targets,  and  the  spherical 
shape  eliminates  any  concern  for  the  position  of  the  projectile  at  impact. 
Two  sizes  were  chosen  to  allow  comparison  of  results  for  projectiles  of 
different  mass  and  size.  The  spheres  were  0.500  inches  In  diameter 
weighing  129.5  grains  and  0.3^3  inches  weighing  1)2.5  grains.  The  0.500 
inch  sphere  was  crimped  directly  Into  the  0.50  caliber  casing,  while  a 
Lexan  sabot  was  used  to  hold  the  0.3^3  inch  sphere. 

The  sabot  was  designed  to  separate  from  the  projectile  uoon  leaving 
the  gun,  and  was  deflected  from  the  projectile  pat.'  by  a sheet  of  armor 
plate  having  a two  inch  diameter  hole  for  the  projectile  to  pass  through 
located  15  feet  from  the  gun.  The  projectile  velocities  were  varied  by 
varying  the  amount  of  powder  loaded  in  the  cartridge  from  80  grains  to  the 
maximum  capacity  of  205  grain.. 


i 
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Spectrome  ter 


A spectrometer  consisting  of  three  photomultiplier  tubes  was  used 
to  record  the  downstream  flash.  Each  photomultiplier  was  equipped  with 
a different  narrow  band  by-pass  filter  to  allow  investigation  of  three 
distinct  areas  of  the  visible  and  near  )R  spectrum.  The  first  filter 

centered  at  ^OOSA0  with  a bandwidth  of  200A;  the  second  centered  at 

o n 

7010A  with  a bandwidth  of  200A  , and  the  third  centered  at  9025A'  wi th 

a bandwidth  of  290A°.  The  output  from  each  of  the  photomultipliers  was 
the  input  for  a single  sweep  oscilloscope.  The  scope  sweep  rate  was 
adjusted  to  allow  recording  of  the  entire  event.  The  oscilloscope  trace 
was  recorded  on  Polaroid  film  to  allow  later  examination  and  measurement. 
The  photomultiplier  tubes  were  calibrated  against  a standard  light,  source 
in  units  cf  wa l ts/cm?-nanometer . A limitation  of  this  spectrometer  is 
that  the  photomultiplier  tubes  are  easily  saturated.  To  prevent  this, 
Kodak  neutral  density  filters  were  used  in  front  of  the  narrow  bond  by- 
pass filters.  The  strength  of  the  filters  was  increased  as  the  flash 
Intensity  Increased  with  increasing  projectile  velocity.  These  filters 
were  calibrated  against  the  standard  light  source  to  determine  the  amount 
of  light  they  passed  at  the  three  wavelengths,  and  this  data  is  presented 
in  Appendix  B. 

Still  Camera 

A b x 5 speed  graphic  camera  was  used  to  record  an  image  of  the 
total  flash.  The;  shutter  was  opened  just  prior  to  the  shot,  and  closed 
after  the.  shot.  The  Imaye  was  recorded  on  Polaroid  film. 


1 1 


IV.  Results  and  Discussion 


The  downstream  flash  has  two  distinct  spectral  irradiance  maxima 
as  shown  by  the  photomultiplier  traces  in  Figure  1. 


Figure  1.  Photomultiplier  Traces 
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This  confirms  Abernathy's  findings  in  Reference  1 :29-  In  the  top 
photograph  of  Figure  1,  the  upper  tnc.  is  for  the  *#008A°  filtered  tube, 
the  lower  trace  is  for  the  9025A°  tube.  The  bottom  photograph  is  for 
the  7OIOA0  tube.  All  three  traces  are  recorded  at  a sweep  rate  of  0.1 
millisecond  per  centimeter,  for  a 0.500  inch  projectile  with  a velocity 
of  3860  fps.  The  first  maximum  occurs  nearly  simultaneously  with  pene- 
tration and  is  suggested  to  be  front  face  plasma  drawn  through  the 
target  in  the  wake  of  the  projectile.  Photographs  in  Reference  3;7 
indicate  that  this  does  occur.  This  flash  reaches  its  peak  in  approxi- 
mately 10  microseconds.  The  second  flash  gains  in  intensity  at  a slower 
ratf  , reaching  its  maximum  value  30  to  80  microseconds  after  the  onset  of 
the  first  flash.  After  reaching  this  second  maximum,  the  flash  decays  in 
an  exponential  fashion  to  zero.  time  required  to  reach  maximum 

intensity  decreases  as  wavelength  increases,  but  the  duration  of  the 
total  flash  appears  to  be  Independent  of  wavelenjth.  Tables  I,  II,  and 
Ml  list  the  experimental  results  by  projectile  size.  Included  are 
spectral  irradiance  for  first  and  second  maxima  and  flash  energy  emitted 
In  the  waveleiith  bands  passed  by  the  narrow  band  by-pass  filters, 
obtained  by  integrating  the  area  under  the  photomultiplier  trace.  Values 
for  the  second  maxima  and  fer  the  energy  were  not  obtained  for  the  smal- 
ler projectile  due  to  difficulties  in  measuring  these  values  accurately 
from  the  photomultipl  ier  trace.  The  results  of  the-‘e  tobies  are  plotted 
In  Figures  2 through  M.  Since  the  experimental  values  appear  to  plot 
as  a straight  line  on  log-log  scale  paper,  a least  squares  curve  fit  for 
an  exponential  curve  was  used  to  obtain  the  line  drawn  on  the  plots. 

This  1 ine  has  an  equation  of  the  type 

X - kv"  (11) 
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Spectral  irradiance  of  First  and  Second  Flash  Maxima  from  Impact  of  0.500  Inch  Sphere 


£ 


flj 

5 

O 

u 


3 — 

£ s: 

— i 


ID 

u < 

cn^r 

C n 

— CM 

O -3- 

J- 

o 

o r-x 

— O O CO 

x: 

c o 

lAM) 

LA 

m — 

in  xo 

xO 

tn 

tnco 

in  m tn  cn 

ro  —* 

c c c c cm  -3-  c 

C CM  C 

c c m r^. 

vD 

C -3* 

M3  *4T 

lAvO  vD 

“O 

— o 

o o 

O 

o o 

O O 

o 

o 

O O 

o o o o 

c 

T3  ^ 

• * 

• • 

• * 

• 

• 

* • 

» • • • 

0 

ID 

c 


cn-3* 

cn 

CO 

vO 

-T 

— 

CM 

o\ 

vO 

vD 

on 

OO 

CO 

— 

NO  — 

in 

vO 

#*— 

<r\ 

O 

in 

m 

•— 

m 

-3- 

cm 

o — c 

c o c 

n 

n 

1 

•— 

o 

c — 

. — 

— 

«— ■ 

o o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

E 

c 

i 

CM 

t/>  in 
CM 
4-»  O 

oV 

o 

L» 

o 

E — 

1 To 

CJ  < 

u c 

c — 

(Q  O 

*-  r--| 

4-»  TJ 
trt  ID 
U L. 

— I_ 
li.  “ 


X 

3C 


— O 
<D  C 
U CO 

■u  o 

o o 

-r 

CL 

l/l 


r^ 

.arr^^-roCTwOmm-y  tnoovo  1/1  N in  o 

CO  — — CM  <TsvO  inino 

O — Cl  MT  LA-T  in  O S Lf\  lf\  N 

ooooooooooooooooo 


O O O CO  nO  «“~ 
on  <y\  cn  ro  \D  <r  vO 
NPvNCnOCOCO 
0 0 0 0^-00 


o — 
0*%  vD 
CO 

o o 


o 

CO  lANNOD  fM4  r^v  O 
-3"  \0  vT\  CM  IA  n<T>  N o 
O O O N <n  — cm  cm 

ooooooooo 


M—  NCONCCCO"* 
CT\  to  CT\  r - »M.  IM. 

CM  ro  PM  m CM  cm  cm  re 

oooooooo 


in  — LAr^r^rs-  — co 

fS  N \D  CO  CJMA  — 

r<%  m _T  in  in  in  -t 
OOOOOOOOO 


m 

mmtn  rs.  in  cm  — nlannia  n ino  cm  iaian  O o 

— CO  CJ1  -T  IA\£>  cn  O O co  o rorA  N N — COO m — Of'*-  — 

O — — cm  m -?  cm  txi  la  .r  o O -T  um'mo  o ci  co  ?*-*  c>  O ca  n 
oooooooooooooooooooooooooo 
OOOC/OOOOOOOOOOOOQOOOOOOOOO 


1 


>* 


»— 

<D 

o 

tn 

-T 

O 

CO 

in 

o 

V 

o\ 

c\ 

t'— 

<o 

- — 

0-1 

O 

o 

a> 

u_ 

C^J 

CM 

0 4 

m 

:> 


— CM 

— r— 

PO  rO 


r^.  in  o -fl  — * O <r\--t  CO  ai  >T  N lArO  fs  in  ^ 

on  cn  ^ ) co  cm  in  cn  — N fA  vo  o -v  41  Nn  o n -r 

— * t J m m -t  -x  *-T  in  m in  tr\  vO  ' O <0  kO  O vT'  ■ -- 

r*"«  rA  rn  cn  m m m cn  m rn  «n  m rr,  r-n  rn  ,-n  ("i  cn 


i 


c 


\k 


Data  Not  Obtained 


— — o 

NS  nO  aa  LA  N5  cAmO  i(\  (n  1>I  O'!  CN  U1 

OCO-NOOM*)--NN  C^ff^MAC  E rA  — CA 
•—  O — — .—  O O —-  — — — — — N CM  CM  IM  CM 


w 

L. 

<TJ 

4> 

5 

JC 

0 

Cl 

u 

CO 

£ 

u 

3 

JC 

£ 

r 

o 

• 

i 

c 

X 

<U  o 

♦— 

<u 

o < 

21 

c o 

o 

03  — 

o 

“O 

— o 

u\ 

c 

xj 

• 

O 

n> 

o 

o 

L 

a> 

u 

H- 

oo 

4M 

O 

o 

u 

<9 

*-» 

Q. 

a 

E 

0) 

«•— 

CL 

in 

E 

O 

0 . 

u 

< 

<*> 

-cr  coo  r>.  r-"  o -r  o — 

COOITlCML/MAl/N-TOANf^  — N l/Uft  r-».  N.  CIA 

coMOr"OUMA\oi"-.r"OOAe<NOoo  c c mo  mo  -3- 

OOO  — OOOOO  — O — — CM  CM  ■ — — — 


CO-TJ1  — CM"1^fON— CO  01  CN  CN  LA  OLTMIA 

N - O N m (O  — CAOCA  ' — CN  rruo  N-  OM)  m 

IN  — CN  — — OM  C N CM  -t  VO  C C IftfA  J 

ooooooooooo  oooo  ooo 


u_ 

£ 

*o 

c 

c 

i 

o 

u 

% 

0) 

OO 

00 

\ <c 

vn  la 

T5 

-M  C>4 

c 

o O 

4J 

fl>  CO 
3 

4^ 

O 

l/l 

u 

E 

u 

u. 

3 a: 

£ 

l o 

u- 

V < 

o 

*x 

u o 

nj 

c — 

*> 

a; 

fO  o 

o 

•-  r*^ 

c 

4-»  -O 

10 

irt 

4) 

•— 

L 

u 

J 

— 

u 

<u 

Li. 

L. 

L. 

— o 

nj  < 

L.  CO 
O 

fO 

u o 

k. 

4*  -dr 

u 

a 

O 

OO 

O 

a 

CO 

> 

*J  o 

— <u 

u OO 
O ^ 

. — *J 

a>  ix. 
> 

CACAKfACTMAfOaMrAMCArArAvO  01  CN  — (JA  OAl A CM 
01  El  O I'M  Cl  — . — — — CACACACAMt  LAN  — U1  0100  — 
OO  — — O — — — — — — — — — CN  — CN 


Or".  — CA  Av  IN  r"OCAlAIACACAOMN  - — 

U1  LA  — <"  LAU1<31LA-T-3r-3’-3-CO  rg  CM  CN  CA  CM  CM  N O 

M)  icuan  lArnvO  M3  r".  r-"  r"  r-.  ti.  oico  Oi  ai  o — • ca 

ooooc  oooooooooooo  — — — — 


CM  CM  CM  4-  CANMALAOlNM)"  — CN  NT  LT\  -4  CA  LA 

OOO  — ~AI03<ANNin4rAMM0OOM"03 

ooooooooooooooooooooo 


MJ-O-OT-auAN-X,  OOIAMJCTMIOMIJO 
vO  LA  \0  \D  LA  -T  LAMJM3C3  CT>  O MCA  CA  LA  OA  C"  M3  — CN 
NCOC3  COCO  (Aden  - Al  1M  iA  AiriMT  4 in  IN  Cl  C3  " 
PAlAtAArACAcAA4J'44,-T44'Cf4-T4  U\  N1 


r 


Table  1 1 i 


Spectral  Irradiance  of  First  Flath  Maxima 
From  Impact  of  0.343  Inch  Sphere 


Veloci ty 
f t/Sec 


Spectral  I rradiance-Microwatts/cm2-nm 
4008A°  7Q10A°  9025A° 


33^7 

.0014 

.0113 

.0281 

3351 

.0016 

.0138 

.0324 

3360 

.0016 

.0122 

.0310 

3668 

.0029 

.0161 

.0395 

3681 

.0031 

.0210 

.0507 

3750 

.0029 

.0227 

.0536 

3770 

.0029 

.0210 

.0536 

3844 

.0031 

.0227 

.0507 

3891 

.004 1 

.0227 

.0577 

3?96 

.0031 

.0237 

.0620 

3912 

.0014 

.0357 

.0395 

3939 

.0035 

.0227 

.0536 

3995 

.0043 

.0227 

.0522 

4028 

.0046 

• 0275 

.0663 

1/ 


OIOA°  First  Spectral  irradiance  Maximum  vs  Velocity  for  0.500  inch 


igure  A.  S025A  First  Spectral  Irradiance  Maxirum  vs  Velocity  for  0.500  inch 
Sphere 


qure  5-  *i008A°  Second  Spectral  lrr?dtance  Maxirum  vs  Velocity  for  0.500  ind 

Sphere 


> 3000 


.002  .00*t  .006,  .008 

Spectral  Irradiance  Hi  crowd tts/cnr-nm 


Figure  11.  First  Spectral  Irradiance  Maxi nun  vs  Velocity  for 
0.3*0  inch  Spheres 
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where  X is  the  flash  output  in  miurowat ts/cnr-nm  for  the  spectral 
itradiance  values  and  in  ergs/cm2-nm  for  the  energy  values;  K is  a 
scaling  constant;  V is  velocity  in  ft/sec;  and  n is  slope  of  the  line. 
The  equations  of  these  lines  are  summarized  in  Table  IV.  Several  impor- 
tant facts  can  be  observed  from  these  plots  and  from  Tobie  IV. 

Table  IV 

Flash  Scaling  Equations  From  Least  Squares  Curve  Fit 
of  Experimental  Data 


0.500  Inch  Sphere 

X = 
X = 
X = 

Fi  rst  Flash  Maxima 

1»008A° 

701 0A° 
9025A° 

0.500  Inch  Sphere 

1.922  x 10"17  V4'65  pw/cm2  _nm 
6.37  x 10"13  V3  80  um/cm2  -nm 
6.59  x 10-13  V3'67  pm/cm2  -nm 

Second  Flash  Maxima 

1»008A° 

X = 

5-97  X 10'14  V3"75  pm /cm2  -nm 

7010A° 

X - 

1.97  x 10'12  V3'90  pu/cm2  'nm 

9025A° 

X = 

2.86  x IQ-12  V3'52  ptu/cm2  -nm 

0.500  Inch  Sphere 

Flash  Energy 

J»008A° 

X = 

2.80  x 10' 18  V4'64  Ergs/cm2-nr.i 

7010A° 

X = 

1.02  x 10" 17  V4'73  Ergs/cm2-nm 

902 5A° 

X = 

7.^0  x I0"19  V4’32  Ergs/cm?-nn, 

0.3^3  loch  Sphere 

Fi rst  Flash  Maxima 

J*008A° 

X = 

2.01  X 10‘19  V4'79  pw/cm2-nm 

X * 

t*.79  X I0"16  V4*37  pm/cm2-nm 

X = 

6.38  x 10'13  V3’60  pm/cm2*^’ 

From  the  plots,  spectral  irrodiancc  and  energy  values  for  a given  pro- 
jectile increase  with  increasing  wavelength  indicating  that  the  higher 
energy  realm  is  probably  in  the  IR  range.  From  Table  IV,  the  value  of 
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n is  approximately  four  for  all  equations,  indicating  that  the  spectral 
irradiance  and  energy  for  a given  projectile  scales  as  approximately  the 
fourth  power  of  the  velocity. 

One  of  the  objectives  of  this  study  was  to  determine  if  a direct 
relationship  exists  between  the  impact  flash  and  the  energy  or  momentum 
of  the  projectile.  Since  the  flash  scales  as  the  fourth  power  of  pro- 
jective velocity,  the  flash  would  have  to  scale  as  energy  squared  in 
order  to  be  a function  of  energy  only.  That  is,  since 


KE  » 1 mV2  (12) 

2 

where  KE  is  the  projectile  kenetic  energy,  and  m is  the  projectile  mass. 
To  obtain  a V4  term,  flash  would  have  to  depend  on  the  square  of  the 
energy,  as  in  m2V4. 

Similarly,  4 i nee 


M = mV  (13) 

where  M is  projectile  momentum,  the  flash  would  have  to  depend  on  the 
fourth  power  of  momentum  in  order  to  give  a V4  term,  i.e.,  the  flash 
would  be  proportional  to  muVl*.  A comparison  of  the  flash  resulting  from 
projectiles  with  different  masses  impacting  at  the  same  velocity  should 
reveal  the  dependence  on  mass  and  whether  or  not  either  of  those 
relationships  exist.  Comparing  Xj  to  X^  gives 


'I  _ 


N, 

KjV  1 

k2vn2 


I VN1N2  . 


(Hi) 


2 2 ' 2 
But  if  the  flash  depends  only  on  the  energy  the  ratio  should  be 


X 

X 


m^V4 

n -V' 

2 


(15) 


1 


A 


i 


.1 

j 
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If  cne  flash  depends  only  on  the  momentum  the  ratio  should  be 


m,4V4 

m24V4 


From  Table  IV,  for  A = *»008A 


*0.500  . * 1Q'17  V4'G5 


0.3^3 


2.01  x 10_1S  V4,79 


= 9.57V  -14 


Similarly  for  A « 7010A 


0.500 

*0.343 


and  for  A = 9025A 


1.33  x 10" 


0-500.  = 1.03  V 07  05 

X0.3J»3 

Table  V shows  values  of  those  comparisons  for  various  velocities. 

Table  V 

Ratio  of  First  Flash  Spectral  Irradiance  for  0.500  Inch  Spher'es 

to  0.3^3  Inch  Spheres, 

’0.500/  *0-343 


3000  fps 

1*000  fps 

5C0O 

4008A° 

3-13 

3-00 

2.93 

7010A° 

2.59 

2.25 

2.01 

9025A° 

1 .80 

1.85 

1 .86 

The  projectile  mass  ratio  is 
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(20) 


0.500 

n0.3'»3 


125.5  grains 


!»2.5  grains 


= 3-05 


The  projectile  frontal  area  ratio 


0.500 

'o.i'O 


.196  in2 
-0928  in2 


= 2.11 


If  the  flash  scaled  as  energy,  the  value  of  Xg  ^gg  / Xg  would 

be  expected  to  be  (trig  ^gg  J mQ  ^43)  or  about  9.  and  if  it  scaled  as 

momentum,  the  value  of  Xg  Cgg  / Xg  ^43  would  be  expected  to  be 

, ,,)4  or  about  90.  Table  V shows  that  tnis  is  not  the  case. 
0.500  0.343 

The  flash  resulting  from  different  sized  projectiles  appears  to  scale  as 
some  more  complicated  function,  possibly  including  energy,  momentum,  and 


The  theory  of  ablation  and  burning  as  the  cause  of  the  second  flash 
intensity  maximum  is  supported  by  the  overall  flash  photograph  shown  in 
Figure  12. 


L 


Figure  12.  Still  Photograph  of  Flash  Resulting  from  Impact  of 
0.500  inch  Sphere  at  3860  f ps 


Several  small  particles  can  be  seen  to  begin  luminessing  several 
Inches  downstream  of  the  flash.  This  would  correspond  to  the  instant 
that  enough  thermal  energy  was  gained  to  raise  the  particle  to  a tem- 
perature that  would  induce  the  burning  phase  of  the  flash  model.  This 
portion  of  the  flash  would  be  directly  affected  by  changes  in  atncipheric 
pressure  or  composition. 

An  attempt  was  made  to  verify  Kahlei's  (Ref  12)  report  that  costing 
the  target  impact  face  reduced  the  flash.  The  upstream  or  impact  side  of 
several  target  sheets  were  coated  with  a .002  inch  layer  of  aircraft 
fuel  cell  sealant.  Some  other  targets  were  coated  with  epoxy  based  air- 
craft paint. 

Due  to  range  constraints,  not  enough  shots  were  made  to  give 
conclusive  quantitative  results;  however,  both  materials  significantly 
reduced  the  downstream  flash. 


Table  VI 

Spectral  Irradiance  for  First  Flash  Maximum 
for  Sealant  Coated  Targets.  0.500  inch  Projectile 


Spectral 

I r rad  I ance-Mi crowa  tts/cm2 -nm 

Veloci ty 

I*008a° 

701 0A° 

9025A 

39°'.  fp« 

.000239 

.0020 

.001*59 

**372  fps 

.0000725 

.00573 

• 0133 

1*385  fps 

.00001*92 

. 00^*9  2 

— 

1*386  fps 

.00011*7 

.013 

.0212 

I 

i 


! a 

»•'  v - 
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Table  Vi  1 

Spectral  1 

Irradiance  for 

First  Flash  Maximum 

for  Epoxy  Paint 

Coated  Targets 

0.500  inch  Pro.jecli 

le 

Spectral 

Irradiance  Microwatts/cm2-nm 

Velocity 

4008Ao 

7010,.° 

902  5A 

3643  fps 

.0000875 

.0018 

.00529 

3811  fps 

.000275 

.00317 

.00846 

3836  fps 

.000172 

.00408 

.00846 

4237  fps 

.00016 

.0171 

.0296 

4334  fps 

.000122 

.0146 

.0310 

Comparison  of  the  values  shown  in  Table  VI  'with  Figures  2 through 
shows  the  effect  of  the  sealant  type  coating  to  be 

at  4008A°  first  flash  maximum  reduced  by  factors  of 
50  to  300 

at  7010A°  first  flash  maximum  reduced  by  factors  of 
6 to  30 


at  902pA 
8 to  25. 


ash  maximum  reduced  by  factors  of 


Similarly,  comparison  of  Tabic  'Ml  with  Figures  2 through  A shows 
the  effect  of  the  epoxy  paint  coating  to  be 

at  4008A°  first  flash  maximum  reduced  by  factors  of 
50  to  140 


at  70 1 0 A first  flash  maximum  reduced  by  factors  of 
5 to  20 
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at  902J>A°  first  flash  maximum  reduced  by  factors 
of  5 to  20. 

Second  flash  maximum  data  and  total  energy  data  were  too  small  to 
measure  from  the  photomultiplier  trace  but  appeared  to  be  reducea  by  a 
similar  amount. 

A few  shots  were  fired  into  targets  where  the.  rear  face  was  coated. 
No  quantitative  data  was  obtained,  however  the  effect  appeared  to  be 
considerably  less  than  coating  the  front  surface. 

An  abbreviated  blackbody  analysis  was  accomplished  in  an  attempt  to 
determine  if  the  flash  radiated  as  a blackbody.  If  a light  source 
radiates  as  a blackbody,  it  should  be  possible  to  determine  the  temper- 
ature of  the  source  from  the  Planck  equation 

J - C A‘5  / (EXP  (C  AT)  - 1)  (22) 

A 1 / 2 

where  J » the  spectral  irradiance  in  watts/cm2-A°  or  similar  units,  C 

A I 

and  C are  constants,  A Is  wavelength  and  T is  the  temperature  of  the 
2 

source.  Calculations  of  J can  be  found  in  tabular  form  in  Ref  21:82 

A 

and  are  plotted  in  Figure  13  as  solid  lines. 


Spectral  Radiance 


To  determine  if  the  flash  radiates  as  a blackbody,  the  values  of 
Spectral  irradiance  for  the  three  different  wavelengths  for  projectiles 


at  various  velocities  (from  Figures  2 through  4)  were  plotted  to  the 
same  scale  as  Figure  13*  The  size  and  location  of  a blackbody  intro- 
duces only  a geometric  constant  term  into  the  blackbody  radiation  values, 
That  is,  the  value  in  watts/cm2-nn  is  actually 


« (source  radiance) (source  area) (sol  id  angle 
subtended  by  sensor) 


where  the  solid  angle  *=  4nr2/R2 

and  r and  R are  depleted  in  Figure  14. 


Figure  14.  Depiction  of  Blackbody  Geometric 
Constant 


For  a point  on  a finite  source,  the  equation  becomes 
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(24) 


J,  = source  radiance  x source  area  x ^.7.. (f. . ~°^ 1-JjL 

A R- 

and  as  the  area  increases,  0 increases,  so  the  solid  angle  will  change. 
These  changes  in  source  area  and  solid  angle  result  in  a multiplicative 
geometric  constant,  Since  the  vertical  scale  in  Figure  13  is  logarith- 
mic, the  experimental  results  can  be  translated  along  a vertical  line 
(at  constant  wavelength)  to  see  if  they  match  a blackbody  temperature 
curve.  The  values  for  the  first  spectral  irradiance  maximum  for  the 
0.500  inch  projectile  are  plotted  as  the  points  in  Figure  13.  The 
experimental  data  did  agree  fairly  v/ell  with  the  blackbody  curves, 
indicating  that  the  flash  does  radiate  as  a blackbody.  The  temperature 
of  the  flash,  indicated  by  the  temperature  lines  matched  by  the 
experimental  data,  increases  with  increasing  projectile  velocity,  from 
3000°K  at  3C00  fps  to  3200°K  at  4000  fps  and  5000  fps.  This  is  close  to 
the  value  of  3400°K  to  4l00°K  reported  by  Abernathy  in  Reference  !.  The 
Impact  flash  was  approximately  i4  inches  long  ana  5 to  7 inches  in 
diameter.  Since  the  sensor,  though  painted  at  the  center  of  the  flash, 
was  only  60  inches  away,  some  change  in  the  geometric  constant  would  be 
expected  as  the  flash  size  changed.  This  was  the  case,  since  the 
geometric  constant  changed  with  changing  projectile  velocity. 
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V,  Concl  u j i or.s 

The  flash  generated  downstream  oh  a target  impacted  by  a high 
velocity  projectile  is  characterized  by  two  intensity  maximums.  The 
first  occurs  s i mu  I tancous  1 y or  nearly  sirnuitan  -jusly  with  the  projectile 
emerging  from  the  target.  Ihe  second  occurs  30  to  80  microseconds  later. 
For  a given  projectile,  the  intensity  maximums  and  the  total  flash  energy 
scale  approximately  as  the  fourth  power  of  the  projectile  velocity. 

The  flash  radiates  as  a blackbody  at  a temperature  of  about  3000°K  at 
3000  fps  increasing  to  approximately  32QQ°K  as  velocity  increases  to 
4000  fps  and  5000  fps.  The  Increase  if  ‘ • e fla^h  irradiance  and  energy 
as  the  fourth  power  of  velocity  together  with  the  increase  in  flash 
temperature  with  velocity  makes  hyper-velocity  shrapnel  from  sources 
such  as  surface-to-air  missiles  an  important  kill  mechanism.  Coating 
the  upstream  side  of  the  target  with  epoxy  paint  or  fuel  cell  sealant 
material  reduces  the  downstream  flash  by  factors  of  5 to  300,  depend- 
ing on  wavelength  examined.  This  phenomena  needs  much  more 
investigation  to  determine  its  cause  and  to  develop  a flash  suppressant 
material  effective  against  higher  velocity  impacts. 
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VI.  Kecommondot  ions 

The  analysis  of  this  investigation  has  led  to  several 
recommendations. 

1.  A further  study  be  undertaken  using  various  sized  projectiles 
to  determine  the  relationship  between  flash  and  size  and/or  mass. 

2.  A further  study  be  undertaken  using  various  shaped  projectiles 
having  a constant  mass  to  determine  the  relationship  between  flash  and 
projectile  shape. 

3.  A further  study  be  undertaken  to  determine  the  cause  of  the 
reduction  in  impact  flash  obtained  by  coating  the  target. 

h.  Using  information  obtained  in  recommendation  3,  an  intensive 
search  should  be  made  for  an  effective  flash  suppressant  substance 
suitable  for  use  in  aircrift  and/or  aircraft  component  paint. 
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Description  of  Equi pment 

The  experimental  portion  of  this  investigation  was  accomplished  in 
Building  57,  Area  B,  Wright-Patterson  Air  Force  Bose,  Ohio.  This  facility 
was  temporari ly  converted  to  an  indoor  gun  range.  The  overall  apparatus 
set  up  is  described  in  Figure  15 • 


Veloci ty 
Screens 


Camera 


Figure  15.  Apparatus  Set  Up 

1 . .50  Caliber  Smooth  Bore  Gun . The  Ai r Force  FI ight  Dynemi cs 
Laboratory  furnished  a -50  caliber  smooth  bore  gun  chambered  to  accept 
a Standard  military  casing.  The  gun  is  fired  by  an  electrically 
operated  solenoid.  By  varying  pov/der  loads  from  80  grains  to  the 

k2 


i 

t 
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maximum  cartridge  capacity  of  205  grains  of  Dupont  2400  powder,  pro- 
jectile velocities  ranging  from  2100  fps  to  4400  fps  were  obtained. 

To  increase  the  projectile  velocity  above  this  level,  the  air  was 
evacuated  from  the  gun  barrel  by  sealing  the  end  of  the  barrel  with  a 
piece  of  paper,  and  attaching  a vacuum  line  to  a port  in  the  side  of  the 
barrel.  The  pressure  inside  the  barrel  was  thereby  reduced  to  15  mm  Hg. 
This  procedure  increased  projectile  velocity  by  slightly  over  10%  for 
the  same  powder  loads. 

2 . Instrumentation 

Velocity  Measurement.  The  velocity  was  measured  over  a 
26  foot  distance,  2 foot  prior  to  the  target  plate.  Three  velocity 
screens  consisting  of  continuous  line  printed  circuit  paper  were  used. 
When  the  project ! le  passed  through  the  first  screen,  one  Hewlett- 
Packard  Model  5300A  Timer  was  started,  four  foot  later  the  projectile 
passed  through  the  second  screen,  starting  a second  identical  timer, 
then  22  foot  later  it  passed  through  the  third  screen,  which  stopped 
both  timers.  The  timer  read-outs  were  in  microseconds,  providing  data 
to  calculate  velocities  to  the  nearest  foot  per  second.  The  velocities 
used  in  this  paper  are  an  average  of  these  two  values. 

Impact  Flash  Spectrometer.  This  system  consists  of  an 
Exotech  three  channel  spectrometer,  power  supply  console,  and  two 
lectronix  555  dual  beam  oscilloscopes.  The  spectrometer  assembly  con- 
sists of  three  photomultiplier  tubes  and  associated  circuitry,  as  well 
as  narrow  band  by-pass  filters  and  neutral  density  filters.  A photo- 
multiplier tube  consists  of  a photocathode,  a secondary  emission 
multiplier,  and  an  anode.  Photons  from  the  light  source  strike  the 
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photocathode.  This  release  a number  of  electrons,  i/h>-h  are  accel* 
erated  onto  the  first  stage  or  dynode  of  the  'uul  tipi  ier,  where  they  each 
release  additional  secondary  electrons,  which  are  accelerated  onto  the 
next  dynode,  and  so  on.  A potential  gradient  is  maintained  between  the 
successive  dynode  stages.  The  electrons  released  by  the  last  dynode  are 
collected  at  the  anode,  which  releases  an  electric  pulse  as  the  tube 
output.  The  photomul tipi ier  tubes  used  in  this  unit  are  two  S-20  type 
visible  range  tubes,  and  one  $-1  infrared  tube-  Response  curves  tor 
these  photomultipliers  are  shown  in  Figure  16.  All  three  have  identical 
circuitry  as  shown  in  Figure  17.  Narrow  band  by-pass  filters  were  used 
to  allow  flash  examination  ct  various  wavelengths . The  spectral  ranges 
of  thesa  filters  are  shown  in  Figure  18.  To  avoid  saturating  the  photo- 
multipliers, Kodak  Wratten  neutral  density  filters  were  used  to  reduce 
the  number  of  photons  striking  the  sensors.  These  filters  were 
calibrated  for  each  photomultiplier/narrow  band  by-pass  filter  combination. 
This  data  is  presented  in  Appendix  B.  The  electrical  impulse  from  the 
photomultiplier  tubes  WjS  routed  to  the  two  oscilloscopes.  The  scope 
sweeps  were  triggered  by  the  third  sheet  of  printed  circuit  paper  in  the 
velocity  measurement  apparatus.  Experiments  conducted  using  a signal 
generator  providing  impulses  to  a diode  light  source  showed  that  the 
spectrometer  system  would  follow  a on?  microsecond  duration  light  signal, 
provided  by  the  tubes  were  not  saturated  by  the  intensity  of  the  light. 

Still  Camera  ■ A x 5 speed  graphic  camera  using  Polaroid 
film  was  used  to  record  an  overall  picture  of  the  flash.  The  shutter  was 
openeo  using  i remote  trigger  just  prior  to  the  shot  and  closed  immediately 
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after  the  flash. 
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Cal i brat  ion 


j . Cal ibration  of  Photomul tipi iers 

The  calibration  light  source  assembly  consists  of  a 1000  watt 
quartz  iodide  bulb  and  a mechanical  chopper.  The  bulb  is  housed  in  a 2't 
inch  diameter,  36  inch  high  cylinder,  with  an  aperture  allowing  a beam  of 
light  to  pass  through  the  chopper  assembly.  The  chopper  consists  of  an 
18  inch  diameter  disc  with  a single  slot.  The  disc  is  connected  to  a 
small  motor  which  turns  the  disc  at  about  3000  rpm.  The  "chopped"  light 
is  then  directed  on  to  the  spectrometer  sensors  for  calibration.  The 
chopper  serves  the  purpose  of  modulating  the  signal  to  allow  measurement 
of  the  difference  between  zero  signal  and  known  source  signal.  The  light 
source  was  calibrated  by  the  National  Bureau  of  Standards  (Ref  IV)  In 


| f microwatts  per  cm2-nanometer 

at  a distance  from 

L|  giving 

| For  **008°A 

\ 70 10° A 

2.28  paj/cm2-nm 

21.1  |im/cm2-nm 

'■  i o 

9025  A 

25.28  yw/cm2-nm 

Cal ibral  man  Procedure  The  spectrometer  unit,  with  narrow  band  by- 
pass filters  installed,  was  placed  at  various  distances  from  the 
calibration  light  source.  The  scope  output  in  volts  was  noted  and 
recorded  for  each  position.  Since  the  light  intensity  should  change  by 
the  square  of  the  distance,  a constant  value  of  02V  wo s expected,  where 
V is  the  recorded  voltage,  and  D is  the  distance  between  the  source  and 
the  sensor.  Values  of  D?V  constant  within  five  percent  were  obtained. 
From  this  an  average  value  o\  DrV  at  the  various  wavelengths  was 
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calculated, 


| 

s 


4008A°  D2V  = 2313  ft2  volt 
7010A°  D2V  = 3090  ft2  volt 
9025A°  D2V  - 257.8  ft2  volt 

These  values  wore  then  used  to  calculate  the  conversion  factor  necessary 
to  convert  the  flash  induced  scope  output  to  ;io/cin2-nn . 


Sample  Calculation  of  Conyers  i on  Fac  tor . For  A = 40(j8a°,  at  50  cm 
- 1.64  ft,  the  source  produces  2.28  jj<o/cm2*nm.  Since  the  D2V  constant 
for  this  wavelength  is  2313  ft2  volts,  at  a distance  of  1.64  ft,  an 
output  of 


2313 

1.642 


ft2  volts 
ft2 


860  volts 


(25) 


would  be  expected  as  a result  of  2.28  uu/cm2-nm  of  light  irradiance 
produced  by  the  source.  This  gives  for  1.65  ft, 


2.28  pu)/cm2-nm  m .00265  im/cm2-nm 
860  volt  volt 

at  D » 5 foot,  which  is  the  distance  from  the  flash  to  the  sensors,  the 
scale  factor  required  to  convert  the  scope  reading  From  volts  to 
mlcrowatts/cm2-nm  Is 

(.00265  pw/cm2- nm/vol  t)  (5  • O'-  ft2)  (27) 

Scale  Factor  = — — — 

1 .64zft2 

“ .0246  uu/cm2 -nm/vol t 

Similarly  at  A B 7010A° 

Scale  Factor  = .0102  pw/cm2-nm/vol t 

and  for  A * 902 5°A 

Scale  Factor  = .0706  ps /cm2 -nm/vol t 
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2. 


Cal ibrat ion  of  Kodak  Wrat  ton  Neutral  Dens i ty  Fi I tors 
Kodak  Wratten  N.  0.  96  filter*  rated  at  .1,  .4,  .5.  .6,  1.0.  and 
2.0  were  used.  To  determine  the  amount  of  light  passed  scope  readings 
were  taken  with  and  without  them.  In  addition,  combinations  of  the 
different  strength  filters  were  used  to  insure  the  readings  remained 
valid.  The  results  of  this  are  shown  in  Table  VIII. 

Tabic  VI 1 1 

Amount  of  Light  Passed  at  Selected  Wavelengths 
by  Kodak  Wratten  N.D.  96  Filters 


Amount 

of  Light  Passed 

Iter  No. 

4008A° 

7010A° 

9025A° 

.1* 

.40 

.4 

a_ 

• 5 

£ 

a 

.282 

.6 

.206 

.251 

£ 

1.0 

.066 

.107 

.268 

2.0 

.0054 

a 

a_ 

a - Not  Measured 
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